1 Abstract-In the paper a control system utilizing TakagiSugeno (T-S) fuzzy rules for a MIMO nonlinear dynamic plant is presented. In the proposed control system use is made of a set of linear modal controllers that create a multi-controller structure from which a group of controllers appropriate to given operation conditions is chosen and used to calculate, by employing T-S fuzzy rules, control signals. Stability conditions of the closed-loop system may be checked by the use of the simple, well-known techniques thus the proposed method allows one to simplify the synthesis of the controller. Problems of the controller practical realization and its implementation in, for example, constrained memory of programmable automation devices are discussed. The final part of the paper includes simulation results of system operation with an adaptive controller of (stepwise) varying parameters along with conclusions and final remarks.
I. INTRODUCTION
Control of a nonlinear dynamic plant is a very difficult task, especially for multi input multi output (MIMO) plants. Despite many remarkable theoretical achievements in analysis of nonlinear control and first attempts to employ nonlinear algorithms in industry, a number of problems still remain to be solved. Among them, controller synthesis, checking its stability and possibility of realization of nonlinear control algorithms in typical industrial controllers should be mentioned. A lot of different methods has been proposed for many years, including those of design a nonlinear controller [1] , [2] , linear robust controllers [3] or predictive controllers [4] . Ones of the most extensively studied are the adaptive [5] - [7] and beginning from [8] those based on fuzzy logic theory [9] - [12] .
The T-S fuzzy systems gain its popularity partially because its stability conditions can be easily tested by the use of linear matrix inequalities (LMIs). However, the proposed stability conditions are usually quite restrictive, and no common Lyapunov function exists for many stable fuzzy systems. On the contrary many theorems provided do not take into account e.g. shapes of membership functions [13] studied [9] - [12] but so far they are either not constructive or very complicated, thus usually unfeasible in practice. Promising results may be obtained by the use of the nonquadratic and piecwise Lyapunov functions [14] , [15] .
What many multi-controller structures, where not all controllers at the moment are utilized, have in common is that all controllers employed in these structures must be stable by themselves. This means that system strong stability conditions should be fulfilled [16] .
To soften these problems a method for reducing the largeness of a T-S fuzzy structure working with a big amount of linear controllers, necessary to cover all nonlinearities of the plant is proposed. An adaptive modal MIMO controller with varying parameters in the process of operation is studied. The controller can be physically realized as a multicontroller structure of modal controllers and the current control signals calculated using the T-S rules from the appropriate group of controllers. The group is selected during system operation on the basis of auxiliary signals measured, on which the operating points of the nonlinear plant are dependent. A vast reduction of the running controllers allows one to soften stability conditions as there is only a small group of controllers running at the same time. Local controllers do not have to cover all plant nonlinearities. So, as not all controllers at the moment are utilized in a closed-loop system, they do not have to be stable by themselves, which considerably softens synthesis constraints. The stability checking procedure does not demand to calculate a huge number of LMI and very simple fuzzy rules adopted allow one to decrease the size of the controller and make the control system easy to implement in any programmable controller.
The paper is organized as follows. Section II presents a mathematical background of T-S modelling of continuous nonlinear plants. In Section III stability conditions of the closed-loop system with a T-S controller are derived. The structure of the proposed control system as well as its stability conditions are presented in Section IV. A simulation example of the synthetized control system for a nonlinear model of a drilling vessel is presented in Section V. The paper ends with a conclusion in Section VI.
II. FUZZY MODEL OF A PLANT AND A CONTROLLER
A fuzzy model of a dynamic plant may be described as a set of rules [8] , [13] , [17] , , , ,
where k r is a number of elements of the set  is a local linear model of the plant described by the state and output equations: 
we obtain this model in the following form: Equations of the nonlinear model of the controller (8) take the form:
where ( ) j c w t  are normalized activation levels of the activation levels ( ) j c w t of the rules (7) in time t . The number of rules depends on and grows rapidly with the increase of dimensionality no of parameters k p and the number k r of fuzzy sets corresponding to each parameter k p . This is called "curse of dimensionality" and that is why the domains of individual parameter k p should be divided into a number of fuzzy sets as small as possible. However, in case of a strongly nonlinear plant the number of rules have to be large enough to obtain the demanded model accuracy, which may induce problems with implementation of such system and maintaining closed loop stability. It will be shown in detail in the following section.
III. STABILITY OF A CONTROL SYSTEM WITH THE T-S CONTROLLER
The structure of the closed-loop system with a T-S controller may be presented as in Fig. 1 . The dynamics of such a system with a plant described by the model (4) and controller model (9) may by described by two equations
and introducing the extended state vector as
13) may be described in the form
where: 
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As 0 , and the derivative (19) along trajectories of (17) is less than zero ( ( )) 0 be stable by itself which puts additional constraints on their synthesis. This typical result is very restrictive and despite its simplicity is rather impractical. Nonetheless it does not mean that such a system cannot be synthetized for a strongly nonlinear MIMO plant. In the next section we show a T-S like control structure, which allows us to avoid all the mentioned above synthesis constraints.
IV. DESCRIPTION OF THE PROPOSED CONTROL SYSTEM STRUCTURE
Although all local controllers of the typical T-S controller (9) are running, only a few of them are practically used in calculation of the T-S controller outputs. This allows us to propose a T-S type controller where, by definition, only a reduced number of local controllers is running simultaneously. As we show further it softens the stability conditions of the closed-loop control system, thus reduce synthesis constraints, significantly reduce the number of simultaneously working controllers with maintaining the smoothness of operation and switching of the fuzzy structure.
Let us assume the most popular class of membership functions, the triangular ones. If triangular membership functions are consistent and complete, then, for a given input 
is satisfied for every input k p . Such assumption of shapes of the membership functions means that we may use only controllers in the direct vicinity of the controller most appropriate to the working point of the plant.
Let us assume the same number of antecedents and rules of the fuzzy plant and the controller models (1) for a system with two antecedents 2 no  presented in Fig. 3 we obtain a group of nine local controllers 9 rop  utilized in calculating of the T-S controller stability. It pays the most for systems with small number of auxiliary signals k p ,
with a great number of fuzzy sets (15), (16 Proof The proof consists of two parts. The first, regarding stability conditions of the local system for the assumed current point kc p , is similar to the proof of the Theorem 1. The second concerns stability conditions while switching between controllers.
Taking into account the plant dynamics, the number of fuzzy rules and the controller sampling time (of its digital realization) should be chosen in such a way as to avoid great "jumps" of working points kc p , at subsequent moments, i.e.
in subsequent sampling moments controllers j c  appropriate
to the current working points should abut each other.
To show the stability of the above described closed loop system with "moving group" (gain-scheduled) controller the stability theory of the nonsmooth system given in [18] , used successfully e.g. in [6] has been utilized. 
and since P is positive and the real parts of the eigenvalues of cl A are all negative then 0
, which means ( , ) 0
Thus cl A with two switching controllers is quadratically stable in the region
The same procedure applied to other directions and region of the parameter space allows one to prove the quadratic stability of the closed loop system in the whole operating parameter space. The stability checking procedure requires solving ro ( 
V. EXAMPLE
To show the effectiveness of the above described control structure we present a control system for a nonlinear statespace model of low-frequency 3DOF motions of the "Wimpey Sealab" ship [20] . The model can be presented as: 
The modal controllers used in the proposed control system are multivariable dynamic systems synthesized by the pole placement technique. Detailed description of their synthesis may be found in [21] . The described method allows us to synthetize the control system with a group of linear controllers calculated for velocities 0873 rad) , which results in a set of 3650 modal controllers. It determines directly the number of calculations to check stability of the system. The standard procedure satisfying conditions of Theorem 1 requires solving a set of 3650 nonlinearities defined by (18) . Assuming a 3 × 3 moving group of controllers, according to the Theorem 2, to check stability of this positioning control system it is enough to solve 3650 sets of 9 nonlinearities. It does not last long and proves system stability. It does not require also that all local controllers be stable by themselves to ensure system stability. 
VI. CONCLUSIONS
The presented results of simulation prove the feasibility of the proposed control system. A significant reduction of the running controllers in the proposed solution allows one to soften stability conditions. There is no necessity to calculate a huge number of LMI conditions to check system stability. It has to be checked for a series of defined k p  groups only, which is feasible and simple to carry out by the use of eg. Matlab Robust control toolbox and its LMI solvers. So, as not all controllers at the moment are utilized in a closedloop system, they do not have to be stable by themselves, which considerably softens synthesis constraints. Moreover, very simple fuzzy rules adopted allow one to decrease the size of the controller and make the control system easy to implement in any programmable controller.
